Rhamnogalacturonan II (RG-II) is a structurally complex pectic polysaccharide isolated from vascular plant cell walls, and is composed of a backbone of galacturonic acid (GalA) residues and four side chains of diverse glycosyl residues (Fig. 1) . 1, 2 RG-II is one of the most complex polysaccharides identified so far; however, its function remained unclear for many years. Recently, a dimeric RG-II-borate complex (dRG-II-B) in which a borate-diol ester (1:2) cross-links two monomeric RG-II (mRG-II) was isolated from pectinase digests of plant cell walls. [3] [4] [5] It has been shown that RG-II is covalently linked to homogalacturonan (HG), a major component of pectin in plant cell walls, 6 and that dRG-II-B formation contributes to stabilization of the cell walls.
The binding properties of metal ions to a pectic polysaccharide, rhamnogalacturonan II (RG-II), from plant cell walls were analyzed by size-exclusion HPLC/ICP-MS. The dimeric RG-II borate complex (dRG-II-B) from sugar beet and red wine contained 0.8 -1.1 mol/mol of B, 0.8 -1.1 mol/mol of Ca, 0.1 -0.3 mol/mol of Sr, and 0.03 -0.07 mol/mol of Ba. The treatment of dRG-II-B with Sr 2+ , Ba 2+ , Pb 2+ or La 3+ exchanged the originally present Ca, Sr and Ba. In contrast, monomeric RG-II (mRG-II), which contained ∼0.1 mol/mol of Ca, formed complexes with La 3+ , Eu 3+ , and Lu 3+ added to the solution, but did not do so with Ca 2+ , Sr 2+ , Ba 2+ and Pb 2+ . The HPLC/ICP-MS and HPLC/RI (refractive index detector) analysis of the partially hydrolyzed mRG-II that was treated with La 3+ indicated that the side chains and backbone of mRG-II together form a lanthanoid binding site.
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solutions were then freeze dried to evaporate TFA. For a treatment with La, the hydrolysates were dissolved in 45 µL of water and mixed with 50 µL of 80 mM ammonium acetate buffer, pH 5.0, and with 5 µL of 5 mM LaCl3. For dimerization, 12 the hydrolysates were dissolved in 40 µL of water, mixed with 50 µL of 100 mM ammonium formate buffer, pH 3.5, 5 µL of 5 mM B(OH)3 and 5 µL of 5 mM LaCl3, and kept more than 24 h. The solutions were then analyzed by SE-HPLC/ICP-MS and SE-HPLC/RI (refractive index detector) using a Diol-60 column for La treatment and Diol-120 for dimerization.
Glycosyl composition analysis of partially hydrolyzed mRG-II
Solutions of sugar beet mRG-II (400 µg) were heated in 0.1 M TFA (50˚C 4 h, 50˚C 16 h and 100˚C 1 h) and then freeze dried. The hydrolysates were dissolved in water and separated by SE-HPLC/RI (Diol-60). The major peaks were pooled, and then freeze dried several times to evaporate ammonium formate in the eluent.
Their neutral and acidic glycosyl residue compositions were analyzed by gas chromatography, as described in elsewhere. 19 
SE-HPLC/ICP-MS and SE-HPLC/RI
The HPLC system comprised a JASCO PU-1580i pump (JASCO Co., Hachioji, Japan) and two Rheodyne 9125 injectors, each with a 20 µL sample loop. For HPLC/ICP-MS studies, the second injector installed downstream from a column was used for calibration. The size-exclusion column employed was a YMC-Pack Diol-120 or a Diol-60. The HPLC conditions were as follows: eluent, 0.2 M ammonium formate (pH 6.5); and flow rate, 1.0 mL/min.
The ICP-MS system used was an SII SPQ9000 (Seiko Instruments Inc., Chiba, Japan). The outlet of the second injector was connected to the inlet of a nebulizer of the ICP-MS with Tefzel ® tubing. The operating conditions of the ICP-MS were as follows: coolant gas, 16 L/min; auxiliary gas, 1.00 L/min; nebulizer gas, 1.05 L/min; and Rf power, 1.0 kW. The chromatogram data were recorded at intervals of 2 s for B and metals simultaneously using the software "SPQ"(version 4.13) from SII. After sample injection, an inorganic standard solution (0.1 M HNO3 matrix) was injected from the second injector, and 0.5 mM EDTA was injected from the sample injector to clean up the analytical line. The RI detector used was a JASCO RI-1530 (JASCO Co., Hachioji, Japan).
Results and Discussion

Mineral contents of dRG-II-B
In the SE-HPLC/ICP-MS chromatograms of dRG-II-B ( Fig.  2A) , the peaks of Ca, Sr, Ba, and Pb, which were selectively contained in dRG-II-B, 5,9-11 coeluted with the B peak at 520 s. The mineral contents of dRG-II-B were determined by calibrating the peak area of the mineral bound to dRG-II-B with that of inorganic element standards. 20 The inorganic standard solution was injected using a postcolumn injector, 21 because free metal ions were often retained on the SE column. Table 1 gives the mineral contents of dRG-II-B from sugar beet and red wine. The B content of dRG-II-B was 1.0 -1.3 mg/g, and was calculated to be 0.8 -1.1 mol of B/mol of dRG-II-B because the molecular weight of dRG-II-B was ∼9000. 22 We reported that the apiofuranosyl residue of side chain A was borate esterified among two different apiofuranosyl residues in dRG-II-B. 12 Taken together, a single borate probably cross-links two mRGIIs in the dRG-II-B molecule. As for the metals, dRG-II-B contained 0.8 -1.1 mol/mol of Ca, 0.1 -0.3 mol/mol of Sr, 0.03 -0.07 mol/mol of Ba, and less than 0.01 mol/mol of La and Pb. The result shows that Ca occurs at an equimolar amount of B in the dRG-II-B, which is consistent with a previous study of radish dRG-II-B by Kobayashi et al. 13 The La and Pb contents obtained by the SE-HPLC/ICP-MS were several-times higher than those by flow-injection ICP-MS. The binding of La and Pb to dRG-II-B probably occurred in the SE column, because these metals easily bind to dRG-II-B, as described below. 65 Cu, 66 Zn and 114 Cd were also monitored simultaneously, but no peaks of these metals were observed at the retention time of dRG-II-B.
Metal ion binding to dRG-II-B and mRG-II
Upon a treatment of sugar beet dRG-II-B with surplus metal ions, the originally present Ca, Sr and Ba were partly exchanged within 1 h by Sr 2+ , Ba 2+ , Pb 2+ or La 3+ newly added (Fig. 2B, Fig.  3 ). The peaks of free Ca 2+ , Sr 2+ and Ba 2+ liberated from dRG-II-B were observed at 730 s (Fig. 2B) . The added Ca 2+ did not apparently bind to dRG-II-B (Fig. 3) . The La 3+ binding capacity is ∼1 mol per mol of dRG-II-B, which seems to correspond to the maximum metal binding capacity. Indeed, O'Neill et al. reported that dRG-II-B generated from mRG-II and boric acid in the presence of Sr 2+ , Ba 2+ or Pb 2+ contains ∼1 mol of the cation per mol of dRG-II-B. 5 As shown in the SE-HPLC/ICP-MS chromatograms of sugar beet mRG-II (Fig. 4A) , no peaks of Sr and Ba as well as B were observed at the retention time of mRG-II (560 s), although small peaks of Ca and Pb appeared, showing that mRG-II contains 0.14 mol of Ca and < 0.001 mol of Pb per mol of the monomer. The Sr and Ba peaks at 520 s in Fig. 4A originated from dRG-II-B present in the sample as a minor component. When the sugar beet mRG-II was treated with metal ions, it combined quickly (< 1 h) with La 3+ , Eu
3+
, and Lu 3+ (Fig. 4B) , whereas Ca 2+ , Sr 2+ , Ba 2+ and Pb 2+ added did not bind to mRG-II. The amounts of the bound lanthanoid were ∼0.4 mol per mol of mRG-II, which was stoichiometrically coincident with the metal content of dRG-II-B (∼1 mol/mol) that consists of two molecules of mRG-II. It should be noted that mRG-II did not form complexes with Sr 2+ , Ba 2+ and Pb 2+ in contrast to dRG-II-B.
The specific metal ions bound to dRG-II-B are known to have a function to stabilize the complex, 12, 13 although the processes involving the stability are far from being well understood. The metal binding site in dRG-II-B should be identified to understand the stabilization mechanism. However, there has been no study on the metal binding site in dRG-II-B except that of O'Neill et al. 5 They described that the metal ions bound to dRG-II-B are unlikely to be located near the borate ester because induced chemical shifts and line broadening were not observed for the 11 B NMR peak of dRG-II-B reconstructed with La 3+ and Pr 3+ . In the present study, we have shown that the binding ability of dRG-II-B for La 3+ is highest and mRG-II forms complexes with lanthanoids among the examined metal ions. Thus, it is likely that lanthanoids bind to the same site in mRG-II and dRG-II-B molecules and that the dimerization of mRG-II by a borate ester enhances the affinity of metals for the binding site.
Lanthanoid binding site in mRG-II
The side chains of mRG-II are reported to be released by selective cleavage of the acid labile glycosidic linkages of 23, 24 Thus, the partially hydrolyzed mRG-II (sugar beet and red wine) was treated with La 3+ , and then analyzed by SE-HPLC/RI and SE-HPLC/ICP-MS to determine the contribution of each side chain of mRG-II to form a lanthanoid binding site. As shown in Fig. 5 , the amount and molecular weight of the mRG-II major peak gradually decreased with intensification of the hydrolysis treatment, which accompanied a decrease in the amount of La bound to the major peak. In the lower molecular weight region, no mRG-II fragment complexed with La was observed. These results indicate that the La binding site in mRG-II can be attributed not to a single glycosyl residue and side chain, but to an assembly of side chains and a GalA backbone. The glycosyl residue composition analysis of the major peak fractions from sugar beet mRG-II hydrolysates (Table 2) showed that side chains B and C were more labile to an acid treatment than side chains A and D, coinciding with previous reports. 19, 23, 24 The fraction IV seems to contain mainly an oligosaccharide of GalA backbone with side chain A. The amounts of 2-O-methyl-fucose (2Me-Fuc) and Kdo in the major fractions I -IV correlate well with the corresponding La peak height in the SE-HPLC/ICP-MS chromatograms (Fig. 5B) . 2Me-Fuc and Kdo are characteristic of side chains B and C, respectively. Therefore, the result suggests that side chains B and C are necessary for the La binding site in mRG-II as well as side chains A, D and GalA backbone. The side chain C, having a molecular weight of ∼300, may not be involved in the La binding site, because it is possible that the cleavage of the side chain C as well as terminal glycosyl residues of other side chains brought about a small decrease in the molecular weight of the mRG-II major peak with La observed in the SE-HPLC/ICP-MS chromatograms (Fig. 5B) .
We have demonstrated that the side chains and backbone of mRG-II together form the lanthanoid binding site. This is an unusual and apparently novel type of metal chelating site in polysaccharides. 25 In HG (polyGalA), carboxyl groups of GalA are dominant functional groups responsible for the adsorption of Ca ions. 26 Among the glycosyl residues of mRG-II (Fig. 1) , the carboxyl groups are found in GalA in the backbone and side chain A, glucuronic acid (GlcA) in side chain A, aceric acid in side chain B, Kdo in side chain C, and Dha in side chain D. Several of these glycosyl residues, especially Dha having two carboxylic acids, may be involved in the stereochemically favored metal binding site in mRG-II. Perez et al. also mentioned in their recent report that the carboxylic groups of GalA in HG, GlcA and Dha may constitute a suitable chelating site for metal ions, because these groups are located in a very crowded region in their proposed three-dimensional model of mRG-II. 27 A much more complete assignment of NMR data of mRG-II has recently been reported using an 800 MHz spectrometer. 28 Future NMR studies of the lanthanide induced shifts for the mRG-II complex with a lanthanide ion (e.g. Eu and Pr) would provide direct information on the glycosyl residues to which metal ions bind.
Binding of metal ions to mRG-II and stability of dRG-II-B
The effect of La binding to mRG-II on dRG-II-B formation was examined by treating partially hydrolyzed sugar beet mRG-II with boric acid and La 3+ , which is a condition for in vitro borate-esterified dimerization of mRG-II. 12 Figure 6 shows SE-HPLC chromatograms of the dimerized mRG-II hydrolysates. The RI and B peak heights of the reconstructed dimer were progressively decreased with the treatment time at 50˚C, and the peaks disappeared at 16 h. The decreased peak heights of RI and B of the dimer correlated well with those of La, which means that La contents of the borate-esterified dimer from mRG-II hydrolysates are constant. The result suggests that the formation of dRG-II-B complex requires the occurrence of a metal binding site in mRG-II. Recent studies with the mutant deficient in a glycosyl residue of RG-II have shown that a seemingly small change in the structure of mRG-II can dramatically reduce its ability to form dRG-II-B; 8, 29 thus, the determination of metal contents of the mutant RG-II would provide additional information on the structural role of metals bound to RG-II.
The dRG-II-B complex is an extraordinarily stable borate-diol ester (1:2), and hence can be isolated from plant cell walls as a pure substance. However, the reason for the unusually high has not yet been addressed, although it has been shown that the binding of specific metal ions to dRG-II-B contributes to the stability of the complex. 12, 13 Moreover, the high affinity of selected metals (especially lanthanoids) to dRG-II-B and mRG-II shown in the present study remains unexplained. The elucidation of the location and conformation of the metal binding site in RG-II would be a clue to understanding the functional significance of metal binding to dRG-II-B in vitro and in plant cell walls.
